A novel three-dimensional intravascular ultrasound (3D IVUS) reconstruction algorithm was developed to provide volumetric 3D visualization of plaque distribution across an unfolded artery. An arterial phantom was utilized to validate the nonlinear interpolation technique to generate intermediary IVUS images. Following the intermediary IVUS image generation, volumetric 3D IVUS visualization was performed. Smooth transitional changes in shape and grayscale were found between the intermediary and original slices. Volumetric 3D IVUS visualization of the unfolded curved artery provided realistic luminal surface images with physiologic grayscale information. This novel 3D IVUS visualization strategy has the potential to help with assessment of 3D plaque distribution across the curved arterial structure.
Introduction
Atherosclerosis is a diffuse disease and atherosclerotic plaques often cover large areas across the arterial structure. Therefore, it is necessary to comprehensively evaluate the type, morphology, extent, and severity of atherosclerotic plaques [1] . Intravascular ultrasound (IVUS) imaging provides an excellent tool for evaluation of acoustic backscatter information across the arterial structure, allowing to assess pathologic alteration of atherosclerotic plaques at the time of vascular intervention [2] .
Three-dimensional (3D) IVUS can provide additive information pertaining to morphology of the arterial structures and volumetric plaque distributions compared to the standard 2D IVUS imaging [3] . Recently, we have developed a novel 3D IVUS reconstruction algorithm to provide volumetric 3D visualization of both arterial geometry and grayscale intensity information [3, 4] . In the volumetric 3D IVUS visualization, 2D intermediary image data was reconstructed by considering not only vascular structure geometry but also grayscale data. This 3D IVUS visualization strategy to provide arterial morphology and acoustic backscatter distribution information has the great potential to improve plaque and atheroma determination.
In the present study, this volumetric 3D IVUS reconstruction algorithm was further improved for a curved artery such as the iliofemoral artery. A 3D curved arterial phantom was utilized to validate the 3D IVUS algorithm and volumetric 3D visualization of the unfolded curved arterial phantom was performed. Figure 1 demonstrates a schematic diagram of the intermediary IVUS image generation algorithm. This algorithm employs both arterial geometric data and acoustic backscatter data. The center of the outer arterial border was calculated in each IVUS slice, and a series of the segmented arterial images were aligned in tomographic sequence. Unfolded arterial images with respect to the longitudinal direction were created following the coordinate transformation from the Cartesian coordinate system to the polar coordinate system. A cubic spline interpolation technique was employed to create intermediary images between the original IVUS images. Both arterial geometric data and grayscale intensity (i.e., acoustic backscatter) data were implemented into the nonlinear interpolation process [4] . First, the segmented arterial borders were utilized to interpolate the arterial geometry in the intermediary IVUS images. Next, grayscale intensity information between the inner and outer arterial borders were imported to the nonlinear interpolation algorithm to calculate the grayscale intensity distribution within the arterial wall in the intermediary IVUS images. 
Methods

Transformation of Image Coordinates and Generation of Intermediary Images
Validation of the Intermediary IVUS Image Generation Algorithm
A virtual 3D curved arterial phantom was utilized to validate the nonlinear interpolation technique to generate intermediary IVUS images (Figure 2 ). This 3D curved arterial phantom consisted of varying cross-sectional shapes, wall thicknesses and grayscale intensity values. Cross-sectional slices of the phantom at four different locations with different shapes and grayscale intensity values were utilized to create three intermediary images between each pair of the original slices. Both cross-sectional geometry and grayscale intensity information of each intermediary image created by the nonlinear interpolation were compared with the original cross-sectional slices at the corresponding locations of the phantom. Figure 3 demonstrates the intermediary images created using the nonlinear interpolation technique and the changes in wall thickness and grayscale intensity value to compare with the original cross-sectional slices of the virtual 3D curved arterial phantom. In order to facilitate assessing the transition of wall thicknesses and grayscale intensity values between the intermediary images across the longitudinal direction, each image was transformed from the polar coordinate system to the Cartesian coordinate system to display the images in the standard vascular imaging mode. Smooth transitional changes of cross-sectional shape, wall thickness and grayscale intensity value were found between the intermediary images and the original arterial phantom slices. This validation study demonstrates that the nonlinear interpolation algorithm has been successfully implemented to generate intermediary IVUS images. 
Results
Validation studies
Volumetric 3D visualization of the Unfolded Arterial Phantom
The original cross-sectional slices of the curved arterial phantom and intermediary images generated using the nonlinear interpolation algorithm in the Cartesian and polar coordinate systems are demonstrated in Figure 4 . Volumetric 3D visualization of the unfolded curved arterial phantom is displayed in Figure 4C . Volumetric visualization clearly demonstrated 3D alterations of wall shape, wall thickness and grayscale intensity across both the circumferential and longitudinal directions. 
Discussion
The primary interest in the past efforts to develop 3D IVUS imaging techniques has been focused on precise detection of the arterial wall borders and visualization of 3D realistic smooth surface reconstruction of the arterial borders [5, 6] , greatly benefitting identification of coronary blood flow dynamics combined with computational fluid dynamics (CFD) approaches [7] . However, grayscale intensity information inside the arterial wall is often neglected in these 3D IVUS imaging techniques while providing excellent 3D surface rendering. Another common 3D IVUS imaging technique is to demonstrate longitudinal cut-view images of the arteries. This method provides detailed acoustic intensity distribution within the arterial wall along the blood flow direction [8] , but comprehensive visualization of 3D spatial plaque distribution is not available.
Hemodynamic profiles have important roles in growth, remodeling, and destabilization of atheromatous plaque [9] . The volumetric 3D IVUS visualization strategy can provide a valuable tool to facilitate the intra-operative navigation process to assess 3D plaque distribution in curved arteries. Evaluation of the complex arterial geometry during percutaneous interventions allows to identify detailed in-vivo hemodynamic information [10] . Monitoring of vascular responses following stent implantation is important to determine potential subsequent plaque formation [11] .
There are several limitations in this study. Inherent inaccuracies can be involved during the segmentation of the arterial borders in 2D IVUS images, which can affect the consequent intermediary IVUS image generation and 3D IVUS visualization of the arteries. Exact curvatures of the arterial structure cannot be obtained from IVUS alone. Angiography or computed tomography (CT) can be combined with IVUS imaging to provide accurate arterial curvature information.
Summary
A novel 3D IVUS reconstruction algorithm has been developed to generate intermediary IVUS images using a nonlinear interpolation technique. Volumetric 3D IVUS visualization of the unfolded curved artery allows to demonstrate realistic luminal surface morphology and provide physiologic grayscale intensity information across the curved arterial structure. This novel 3D IVUS visualization strategy has the potential to help with assessment of 3D plaque distribution across the curved arterial structure, and improve 3D ultrasound molecular imaging of atheroma components.
